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Solar  Radiation  Measurement  in  Northern  Arizona 
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Radiation  on  clear  days  averaged  about  78%  of  tine  extra-terrestrial 
value.  Mean  monthly  radiation  varied  from  57%  in  July  to  75%  in  June. 
The  mean  radiation  for  the  2-year  period  was  67%  of  extra-terrestrial. 
Daily  radiation  varied  from  24  langleys  for  a  day  in  January  to  836  for  a 
day  in  June;  January  mean  radiation  was  272  langleys/day,  while  the 
June  mean  was  736.  Measured  transmissivity  is  related  to  hours  of  sun- 
shine, but  the  relation  is  not  close  enough  for  precise  daily  predictions. 
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Introduction 

Solar  energy  is  the  driving  force  of  all  the  na- 
tural processes  going  on  around  us.  At  a  given 
point  above  the  earth's  atmosphere,  insolation  on 
a  horizontal  surface  (extra-terrestrial  radiation) 
can  be  predicted,  given  latitude,  date,  and  time. 
Indeed,  a  number  of  people  have  presented  calcu- 
lations and  some  have  written  computer  pro- 
grams to  do  this  (Buffo  et  al.  1972,  Frank  and  Lee 
1966,  Furnival  et  al.  1969,  McCullough  and 
Porter  1971).  The  calculations  are  based  pri- 
marily on  computations  of  Milankovitch  (1930). 
A  solar  constant  —  that  is,  intensity  of  solar 
radiation  outside  the  earth's  atmosphere,  normal 
to  the  sun's  beam  at  the  mean  distance  of  the 
earth  from  the  sun  —  has  been  developed  by  the 
Smithsonian  Institution  and  others  (List  1963).  A 
value  of  1.94  langleys/min  is  generally  assumed. 
This  value,  equivalent  to  1.353  kilowatts/m\  has 


recently  been  confirmed  from  satellites  and  high- 
altitude  aircraft  (Duffie  and  Bechman  1976). 

Actual  radiation  received  at  the  ground  varies 
with  atmospheric  conditions,  however.  Fairly  pre- 
dictable factors  include  Rayleigh,  aerosol,  and 
ozone  distributions  (Elterman  1968).  The  greatest 
—  and  most  unpredictable  —  factor,  however,  is 
atmospheric  moisture,  which  can  exclude  neeirly 
all  incoming  infrared  radiation.  Whether  solar 
energy  is  used  by  forests,  range  plants,  irrigated 
agriculture,  or  by  man  for  heating,  knowledge  of 
day-to-day  fluctuations  is  important  to  the 
management  of  these  uses.  Handy  and  Durren- 
berger  (1976)  measured  solar  radiation  and  sun- 
shine data  received  at  21  locations  in  the  South- 
west, including  8  in  Arizona.  Our  data,  for  a  loca- 
tion 20  miles  south  of  Flagstaff,  supplement 
those  of  Handy  and  D;irrenberger. 

Instrumentation 


Research  soil  scientist  and  forestry  technician,  respec- 
tively, located  at  Rocky  Mountain  Forest  and  Range  Experi- 
ment Station's  research  work  unit  at  Flagstaff,  in 
cooperation  with  Northern  Arizona  University;  Station's 
central  headquarters  is  maintained  at  Fort  Collins,  in 
cooperation  with  Colorado  State  University. 


Sensing  units  were  mounted  on  a  horizontal 
platform  on  a  10-m  tower  in  a  forest  clearing  20 
miles  due  south  of  Flagstaff  to  measure  short- 
wave solar  radiation  (0.2  to  2.5  micron  in)  wave 
lengths).  The  data  are  to  be  used  primarily  in 
various  aspects  of  forest  ecosystem  modeling. 
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The  solar  radiation  we  measure  represents  the 
combined  direct-beam  and  diffuse  components  of 
the  incoming  radiant  energy  received  at  the  forest 
canopy  level,  on  a  horizontal  surface.  It  is  report- 
ed in  units  of  langleys  ( gram-cal/cm^  )/day 
(Delinger  1976),  and  is  interpreted  in  respect  to 
extra-terrestrial  radiation  received  outside  the  at- 
mosphere, and  in  respect  to  possible  sunshine.  ^ 

Two  systems  were  used  for  collecting  the  data. 
The  first  was  an  Eppley  model  50  pyranometer 
(also  known  as  a  Kimball  and  Hobbs  pyrheli- 
ometer).  The  signal  from  the  pyranometer  was 
transmitted  to  an  analog  stripchart  recorder.  The 
area  under  the  analog  curve  was  digitized  on  an 
hourly  basis,  and  from  these  figures  daily  totals 
were  obtained. 

The  second  system  consisted  of  a  Kipp  CM-5 
solarimeter  (a  MoU-Gorczynski  type  pyranom- 
eter) connected  to  a  Lintronic  digital  volt-time 
integrator.  This  instrument  printed  hourly  inte- 
grated values  on  paper  tape.  Both  sensing  instru- 
ments were  calibrated  according  to  the  1956  in- 
ternational pyrheliometer  scale. 

The  glass  instrument  domes  are  transparent  to 
the  lower  limit  of  ultraviolet  radiation  received  at 
the  earth's  surface,  which  is  about  0.29  fi,  through 
the  visible  spectrum  (0.4  to  0.7  ix)  and  into  the  in- 
frared wavelengths.  However,  they  are  not  trans- 
parent to  the  longer  infrared  rays  beyond  2.8  fi  or 
3.0  fi.  Because  of  this  upper  limitation,  the  instru- 
ments are  said  to  be  sensitive  to  short-wave  solar 
radiation.  Radiometers  with  plastic  coverings  in- 
stead of  glass  are  transparent  to  the  longer  infra- 
red wavelengths  as  well. 

Because  the  Kipp  unit,  installed  in  late  1974, 
had  been  most  recently  calibrated,  and  the  two 
sensors  differed  slightly  in  response,  all  readings 
from  the  Eppley  were  corrected  to  aline  with  the 
Kipp.  The  correction  consisted  of  comparing 
daily  readings  from  the  two  systems  from 
February  through  September  1975.  The  resulting 
straight-line  regression  equation  was  K  =  1.040E 
-0.926,  where  K  is  the  Kipp  reading  and  E  is  the 
Eppley  reading  in  langleys/day.  The  regression 
coefficient  (r)  was  0.984. 

Radiation  Measured 

The  values  in  table  1  are  mean  daily  corrected 
Eppley   readings   for  January   1974  through 

^Some  convenient  conversions  of  langleys  to  other  conri- 
monly  used  units  of  energy  are: 
100  langleys  (gram-cal/cm2) 

=  368.5  BTU/ft2 
=  971.6  watt  tir/yd2 
=  4.184  X  106  joule/m2 
=  1.162  kilowatt  hr/m2 


January  1975,  and  direct  Kipp  readings  for 
February  1975  through  December  1975. 

Radiation  during  December  and  January  aver- 
aged slightly  over  270  langleys/day;  the  low  was 
24  langleys.  June  radiation  reached  a  high  of  836, 
while  the  average  for  the  month  was  736  lang- 
leys/day. 

Radiation  on  clear  days  averaged  about  78%  of 
the  extra-terrestrial  value.  Mean  monthly  radia- 
tion varied  from  about  57%  of  extra-terrestrial  in 
July  to  75%  in  June.  The  mean  radiation  for  the 
2-year  period  was  66%  of  extra-terrestrial. 

A  plot  of  average  daily  total  measured  radia- 
tion (lower  curve,  fig.  1)  for  each  month  of  the 
year  shows  a  sharp  dip  for  July  due  to  frequent 
summer  cloudiness.  Cloudiness  in  March  was  less 
pronounced.  Daily  total  radiation  measured  on  se- 
lected clear  days  and  average  daily  extra-terres- 
trial radiation  are  also  shown. 

The  measured  clear-day  values,  which  were 
lower  than  those  of  Buffo  et  al.  (1972)  and  Davis 
(personal  communication),  declined  from  about 
80%  of  extra-terrestrial  in  early  1974  to  about 
77%  in  1975.  This  decline  probably  reflects  drift 
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Figure  1.— Average  daily  extra-terrestrial,  and  measured 
clear-cay  and  average-day  solar  radiation  on  a 
hiorizontal  surface  by  months  near  Flagstaff,  Arizona. 
Points  are  average  for  1974  and  1975. 
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Table  1. — Daily  total  short-wave  solar  radiation  received  on  a  horizontal  surface  in  langleys.  Site  34°55"  N  latitude,  11  °38' 
W  longitude,  elevation  1,977  nneters  (6,485  ft.),  37  kilometers  (20  mi )  south  of  Flagstaff,  Arizona.  Values  are  average  for 
1974  and  1975. 
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in  sensitivity  of  the  sensing  units,  and  will  be 
verified  by  a  future  calibration  check. 

In  terms  of  energy  received  on  a  horizontal 
surface,  the  average  daily  input  is  about  8.5  kilo- 
watt hrs/m^  in  June.  Using  flat  plate  collectors 
sloped  toward  the  south  with  a  slope  about  equal 
to  the  latitude,  the  average  daily  radiation  would 
be  somewhat  greater.  Even  though  the  solar 
energy  intensity  is  low,  if  the  energy  is  collected 
from  a  large  surface  the  quantities  may  be  large. 
Duffie  and  Buckman  (1976)  estimate  the  energy 
incident  daily  on  a  200-m^  (239  yd^)  house  roof  in 
Madison,  Wisconsin,  is  equivalent  to  that  obtain- 
able from  about  25  gallons  of  oil. 

Transmissivity/Sunshine 

The  transmissivity,  T,  of  the  atmosphere,  ex- 
pressed as  the  ratio  of  total  daily  radiation  to 


daily  extra-terrestrial  radiation,  was  related  to 
the  percent  of  minutes  of  possible  sunshine,  S. 
The  S  values  were  those  reported  by  the  National 
Weather  Service  (USEDS  1974, 1975)  at  the  Flag- 
staff airport,  15  miles  north  of  the  radiation  ob- 
servation site.  The  daily  paired  values  were 
grouped  by  months  with  the  2  years  pooled,  and 
the  regression  equation  'T  =  a  +  bS  was  cal- 
culated. The  T  value  is  somewhat  synonymous  to 
the  Q/Qo  of  Fritz  and  MacDonald  (1949);  but  T 
will  be  lower  since  the  Qo  value  was  radiation  re- 
ceived on  a  clear  day  rather  than  extra-terrestrial 
radiation.  Even  though  considerable  month-to- 
month  variation  was  evident  in  the  regressions, 
all  the  correlation  coefficients  were  statistically 
significant  at  the  1%  level  (table  2). 

If  percent  sunshine  is  high,  the  transmissivity 
can  be  estimated  rather  closely.  When  S  =  100, 
the  T  value  of  the  12  regressions  was  77.8%  with 
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a  95%  confidence  interval  of  ±  2.2%.  The  ex- 
tremes were  71.7%  and  83.7%,  a  span  of  12%. 
However,  when  S  =  0  the  average  T  value  was 
8.6%  ±  5.4%.  The  extremes  were  greater;  1.4%  to 
31.9%,  a  span  of  30.5%. 

There  are  two  reasons  why  the  relation  between 
transmissivity  and  percent  sunshine  is  not  closer. 
The  first  is  that  the  percent  sunshine  is  an  off-on 
measurement.  As  a  cloud  of  sufficient  density 
moves  between  the  sun  and  the  sensor,  a  ther- 
mally activated  switch  stops  the  timer.  However, 
the  radiometer  continues  to  measure  radiation  at 
a  reduced  level  in  inverse  proportion  to  the  cloud 
density.  On  the  other  hand,  high,  thin  clouds  do 
not  switch  off  the  sunshine  timing  meter,  but 
measured  solar  radiation  declines  somewhat. 

The  second  reason  is  that  cloud  cover  patterns 
may  differ  slightly  between  the  radiation  measur- 
ing site  and  the  airport  15  miles  away  where  the 
sunshine  is  timed.  The  correlation  coefficients 
were  sUghtly  higher  for  the  winter  months  when 
cloud  patterns  tend  to  be  regional,  than  during 
the  summer  when  cloud  patterns  are  more  lo 
calized. 

An  examination  of  the  monthly  mean  transmis- 
sivity in  relation  to  monthly  mean  sunshine  pro- 
duced a  regression  of  t  =  29.74  +  0.448  S,  and  a 
correlation  coefficient  of  0.683.  With  a  larger 
sample  and  sensing  units  closer  together,  a  coeffi- 
cient more  in  line  with  that  of  Fritz  and  Mac- 
Donald  (1949)  might  be  expected. 


Table  2. — Values  of  a  and  b  in  the  regression  T  =  a  +  bS, 
and  correlation  coefficient  (r),  pooled  for  2  years  of  solar 
radiation  nneasurennents  near  Flagstaff,  Arizona. 


Regression  Correlation 
constants  coefficient 


Month 

a 

b 

r' 

Jan. 

14.91 

0.688 

0.906 

Feb. 

14.63 

0.670 

0.796 

Mar. 

14.60 

0.640 

0.741 

Apr. 

6.86 

0.754 

0.831 

May 

1.40 

0.775 

0.697 

June 

31.89 

0.455 

0.731 

July 

15.28 

0.564 

0.761 

Aug. 

15.75 

0.594 

0.783 

Sept. 

14.51 

0.606 

0.785 

Oct. 

7.48 

0.677 

0.928 

Nov. 

17.13 

0.616 

0.923 

Dec. 

29.50 

0.463 

0.667 

■I  Corrected  average  r  =  0.815 
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